Abstract Introduction: Patients with cystic fibrosis (CF) are known to be at risk for early osteoporosis, and the mechanisms that mediate bone loss are still being delineated. The aim of the present investigation was to investigate if a correlation exists in these patients between skeletal measurements by dual-energy x-ray absorptiometry (DXA) and two anabolic factors, dehydroepiandrosterone (DHEA) and insulin-like growth factor I (IGF-I), and proresorptive factors such as the cytokines interleukin-1β, tumor necrosis factor α, and interleukin-6. Methods: We studied 32 outpatients (18 females; mean age: 26.2 ± 7.9 years) at a tertiary care medical center. The subjects had venous samples obtained, underwent anthropometric and bone mineral density (BMD) measurements, and completed a health survey. Serum IGF-I concentrations were below the age-adjusted mean in 78% of the participants, and DHEA sulfate (DHEAS) concentrations were low in 72%. Serum concentrations of all cytokines were on the low side of normal; nonetheless, there was a modest inverse correlation between IL-1β and BMD at all sites. Results: In univariate analyses, IGF-I and DHEAS were significant correlates of BMD or bone mineral content. In final multivariate models controlling for anthropometric and other variables of relevance to bone density, only IGF
Introduction
With the improvement of therapies and life expectancy for patients with cystic fibrosis (CF), complications such as osteoporosis have become increasingly common [1, 2] . Previous studies have documented a decreased bone mineral content (BMC) in both children [3] [4] [5] [6] [7] [8] and adults [1, 6, 9, 10] with this disease as well as an increased fracture rate [10] [11] [12] . There is debate in the literature as to the mechanisms that mediate bone loss in patients with CF. Well-recognized skeletal predictors include malnutrition, vitamin D deficiency, delayed puberty, hypogonadism, reduced physical activity, chronic respiratory acidosis, and glucocorticoid therapy [1-4, 6, 7, 9, 11-15] . However, there remain gaps in our knowledge on hormonal and other circulating factors that contribute to bone loss and on anabolic and antiresorptive strategies that may be employed to prevent skeletal deficits in these patients.
To our knowledge, no previous studies have examined the role of the anabolic factors dehydroepiandrosterone (DHEA) or insulin-like growth factor I (IGF-I) on bone density in patients with CF. DHEA circulates primarily as a sulfated derivative, DHEAS, with its longer half life. Both steroids rise sharply during puberty to achieve peak levels during early adulthood. This pattern mirrors the increase in bone density that occurs during adolescence. DHEA [16] and IGF-I [16, 17] have been shown to be low in states of malnutrition such as anorexia nervosa. The skeletal effects of DHEA replacement therapy have been studied in two groups with known low concentrations of this hormone and osteoporosis: young women with anorexia nervosa and elderly women, respectively [18] [19] [20] . A positive correlation was noted between plasma DHEA and BMD in older women, suggesting antiosteoporotic effects [18] . Small skeletal gains and increased serum levels of bone formation markers have been noted following DHEA replacement in both postmenopausal women [19] and adolescents with anorexia [20] , suggesting that this hormone possesses anabolic properties. In systemic lupus erythematosis, DHEA therapy has also been shown to prevent the skeletal losses seen in those patients receiving glucocorticoid therapy [21] . IGFs play an important role in the maintenance of bone mass [22] , and together with osteoprotegerin and other molecules regulate the coupling of bone formation and resorption [23, 24] . Previous studies have shown that IGF-I concentrations are low in patients with CF [25, 26] , but the relevance of this finding to skeletal physiology has not been examined to date. The anabolic effects of DHEA on the skeleton appear to be mediated through the skeletal IGF-I system [22, 27] .
Chronic inflammation may directly contribute to skeletal deficits in patients with CF. The proresorptive cytokines, tumor necrosis factor α (TNF-α), interleukin 1β (IL-1β), and interleukin 6 (IL-6) [28] , stimulate bone resorption and/or osteoclast formation. Two reports have shown that TNF-α production by lung macrophages was elevated in patients with CF [29, 30] , and other studies have shown elevations of serum TNF-α [31] , IL-1β [30] , and IL-6 [30, 32, 33] concentrations in these patients. Haworth et al. [34] found an inverse correlation between skeletal losses and serum IL-6 concentrations over a 1-year period in a study of young adults with CF. In studies using both rodent [35] and human in vitro [36] models, DHEA supplementation led to decreased IL-6 concentrations, suggesting antiresorptive properties. One study showed increased IL-6, IL-1β, and TNF-α concentrations during acute lung infections in patients with CF that were associated with increased bone resorption and decreased bone formation markers [37] .
To gain new information about anabolic and proresorptive mechanisms that may influence bone turnover and bone mass in patients with CF, we examined a cohort of CF patients with the objective of determining whether a direct correlation exists between the anabolic factors IGF-I or DHEAS and measurements of bone formation and bone mass in patients with CF. We also examined if there was a direct association between proresorptive cytokine concentrations and levels of bone resorption markers, and an inverse correlation between these cytokines and bone density. We tested the hypothesis that IGF-I and DHEAS levels are positively correlated with bone mineral density (BMD) and that proresorptive cytokine concentrations are negatively correlated with the latter.
Materials and methods

Subjects
We studied 32 patients (18 females) who were recruited from the CF Program at Children's Hospital Boston, a program that follows both pediatric and adult patients. All patients had CF based on documentation of elevated sweat chloride levels or cystic fibrosis transmembrane regulator (CFTR) gene mutational analysis. Patients were studied as outpatients and were without acute interventions such as intravenous antibiotics for pulmonary exacerbations. Exclusion criteria included receipt of medications known to alter BMD, including sex steroid or daily oral glucocorticoid therapy. All patients gave written informed consent according to the guidelines of the hospital's Committee on Clinical Investigation. For minors under age 18 years, a parent or guardian also gave consent.
Study design, treatment, and measurements Semi-structured interviews were conducted in the General Clinical Research Center, Children's Hospital Boston. Questions were posed regarding previous hospitalizations and surgeries, fractures sustained, medications, co-morbid conditions, and family history of osteoporosis.
During the study visit, weight (in kilograms) and height (in centimeters) of the subjects (wearing only a hospital gown) were determined after voiding. All weights were obtained on the same scale; height was obtained using the same stadiometer (Perspective Enterprises, Kalamazoo, Mich.). The body mass index (BMI) was calculated from these measurements in kilograms per square meter of surface area. Tanner pubertal staging was determined by a pediatric endocrinologist (CMG). Subjects had venous blood drawn from an antecubital vein, and a second morning void was collected before 10:00 am after an overnight fast.
Each participant underwent BMD (grams per square centimeter), BMC (grams) and bone area (square centimeters) measurements of the total body, lumbar spine, and total hip (encompassing femoral neck, trochanter, and intertrochanteric region), and body composition was determined by dual energy x-ray absorptiometry (DXA) using a Hologic 4500 machine (Hologic, Waltham, Mass.). A fan-beam in the array mode was used for all subjects. BMC and bone area were examined in addition to BMD to evaluate for differential effects of hormonal or anthropometric factors on BMC and bone size. Hip, spine, and total body measurements were compared with age-and gendermatched controls [38, 39] . For participants between the age of 15-20 years, pediatric normative data were used [40] . All participants were fully mature (Tanner stage 5 for pubic hair, genitalia, and/or breasts), and all females were postmenarchal. Given this fact and the mean age of the female participants, bone density was interpreted with respect to chronologic rather than gynecologic age. Because of the known variation in BMD that occurs with age and between gender groups, BMD Z-scores were used as the primary outcome variable for both univariate and multivariate analyses.
Subjects had venous blood samples obtained for the determination of DHEAS measurements by double-antibody radioimmunoassay (RIA) in the Children's Hospital Boston Endocrine Laboratory, and bone-specific alkaline phosphatase (BSAP) levels were determined by immunoradiometric assay (Esoterix Endocrinology, Calabassas Hill, Calif.). Urinary levels of cross-linked N-telopeptides (NTx) were determined using an enzyme-linked immunosorbent assay (ELISA) on a second morning void (Esoterix Endocrinology). Serum levels of IL-6, TNF-α, and IL-1β were also determined by high-sensitivity ELISA (R&D Systems, Minneapolis, Minn.). IGF-I was measured by RIA (Alpco Diagnostics, Windham, N.H.) after removal of residual IGF binding proteins by acid ethanol extraction, followed by the addition of IGF-II. Levels of folliclestimulating hormone (FSH), luteinizing hormone (LH), thyroxine, thyroid stimulating hormone (TSH), and prolactin were measured by the Bayer Immuno-1 System (Bayer Diagnostics Division, Tarrytown, N.Y.). Total estradiol and testosterone were measured by RIA (Esoterix Endocrinology). Serum 25OHD concentrations were measured by competitive binding assay, and intact parathyroid hormone (PTH) levels by a two-site chemiluminescence immunoassay (Nichols Institutes, San Clemente, Calif.). Samples for each test were run in duplicate. Interassay coefficients of variation (CV) were (with the higher %CV noted for the lowest concentrations): 4.5-5.4% for DHEAS; 9.0-15.0% for 25OHD; 5.4-7.0% for PTH; 2.19% for IGF-I; 3.5-3.9% for FSH; 3.4-4.6% for LH; 3.3-4.0% for thyroxine; 3.6-5.4% for TSH; 9.2-10.9% for estradiol; 4.0-4.3% for prolactin; 4.3-9.9% for total testosterone; 8.2-19.2% for IL-1β; 3.6-5.1% for TNF-α; 6.5-9.6% for IL-6.
Statistical analysis
A one-sample t test was used to compare concentrations of specific hormones and bone turnover markers to established mean levels for age. The normal range and mean for age was obtained from the reference laboratory where each assay was performed. The normal range for a young adult was used, given the mean age of the participants (Table 1) . Subgroup means for specific variables were compared using independent t tests. To examine univariate relationships between continuous variables, we performed Pearson correlation analyses. Significant univariate correlates were then entered into multivariate linear regression models to determine which variables were independent predictors of bone density and BMC, controlling for potential confounders. Weight, lean body mass, and gender were included as independent variables in all multivariate models as each is known to be a potential determinant of BMD; height was also included in this core model as patients with CF have been shown to have reduced final heights [41] . IGF-I, DHEAS, and IL-1β were each added to the core model, then all three variables were entered simultaneously. Statistical analyses were performed using SPSS software (SPSS, Chicago, Ill.). A p-value < 0.05 was considered to be statistically significant.
Results
Description of study sample
Clinical and anthropometric data are summarized in Table 1 . No subjects regularly consumed alcohol or used cigarettes. All participants were receiving inhaled glucocorticoids in the form of fluticasone proprionate. Among the female participants, 4 (22%) reported having secondary amenorrhea.
Fracture history and family history of osteoporosis Over 50% of the patients reported having sustained a fracture (Table 1) . There was no difference in BMD or BMC for those reporting a fracture and those who did not. Ten participants (23%) reported a history of osteoporosis in a first-degree relative. Total body BMD was significantly lower in participants with a positive family history of osteoporosis: 1.068±0.0619 g/cm 2 (mean ± SD) versus 1.136±0.103 (p=0.031).
Biochemical data
In all participants, thyroid function tests and LH and FSH concentrations were within the normal range. Serum prolactin concentrations were normal except for a slight elevation in one adolescent girl who was receiving metoclopramide. Serum DHEAS levels were significantly below the ageadjusted mean in 72% of the participants. The mean was below the reference mean only in females: 143 versus 233 μg/dl, p=0.025; in males, the mean level approached the established mean for young adult males (210 versus 270 μg/dl, p = non-significant). DHEAS was significantly correlated with weight (r =0.42, p=0.017); there was also a trend in a correlation between this hormone and lean body mass (LBM) (r =0.35, p=0.051). There was no significant correlation between DHEAS concentration and levels of BSAP or NTx.
Serum IGF-I levels were below the mean for age in 78% of participants: 216.3 versus 314 ng/ml in females (p=0.002); 270.5 versus 380 ng/ml in males (p < 0.001). The univariate analyses revealed a significant correlation between IGF-I and age (r =−0.67, p<0.001) and LBM by DXA (r = 0.42, p=0.018). IGF-I was significantly correlated with both BSAP and NTx (r = 0.41, p=0.022 and r =0.40, p=0.027, respectively).
Mean serum levels of BSAP were subnormal for age compared to the reference mean for age (20.7±13.9 versus 28 ng/ml, p=0.006), whereas urinary NTx levels were elevated [77.9±65.9 versus 39 nmol/mmol creatinine (Cr), p=0.003]. Bone turnover was significantly higher in males than in females, as reflected by higher urinary NTx and serum BSAP levels (109.2 versus 55.3 nmol/mmol Cr, p<0.001 and 30.2 versus 12.7 ng/ml, p=0.022, respectively).
The mean serum IL-1β level was 0.76±0.42 pg/ml (range: 0.32-2.05; normal: <40); for TNF-α, the mean was 2.41±0.42 pg/ml (range: 1.8-3.7; normal: 2-6.3); for IL-6, the mean was 2.1±2.2 pg/ml (range: 0.3-11.0; normal: 0-5.7). For all cytokines, the serum concentrations were at the lower range of normal. There was no significant correlation between cytokine concentrations and either BSAP or NTx levels. There was a significant inverse correlation between serum IL-1β and BMD at the spine (Fig. 1) , hip, and total body ( Table 2) .
Defined as a 25OHD <15 ng/ml, 12 patients (38%) were vitamin D-deficient; defined as a 25OHD <20 ng/ml, 15 participants (47%) met criteria for vitamin D insufficiency. The mean PTH level was 27.4±32.0 pg/ml, (range: 13.4-169.9). There was an inverse trend noted between 25OHD and PTH that approached significance (r =-0.33, p=0.065). There was no significant correlation noted between concentrations of 25OHD or PTH and either BMD or BMC at any site.
Serum estradiol and testosterone concentrations were measured for both the male and female participants (Table 3 ). There was no significant correlation noted between either hormone and either BMD or BMC at any site.
Bone mass (BMD, BMC, and bone area) data
Hip
Mean BMD of the total hip was 0.892±0.149 g/cm 2 , representing a median Z-score of −0.65 (range: −2.5-1.20). BMD was >1 SD below the mean in 38% (n=11) of the participants and >2 SD below the mean in 7% (n=2) of the cohort. The hip BMD Z-score was significantly correlated with IGF-I and IL-1β (Table 2 ) as well as with weight (r =0.41, p=0.022) and lean body mass by DXA (r=0.50, p=0.004). In a multivariate model controlling for weight, height, lean body mass, and gender, IGF-I remained a significant independent predictor (Table 2 ). These five variables accounted for 43% of the variation in BMD at this site.
Hip BMC was positively correlated with DHEAS ( Fig. 1) and IGF-I (Table 2) as well as with weight, height, and LBM (p<0.001). By multiple regression, IGF-I was again found to be a significant independent predictor (Table 2) . Hip area was positively associated with DHEAS concentration (Table 2) .
Lumbar spine
Mean lumbar spine (L1−L4) BMD was 0.936±0.135 g/cm 2 , representing a median lumbar Z-score of −1.05 (range: −4.0-1.5). In 53% of patients (n=17), lumbar BMD was >1 SD below the mean for age-matched controls; in 19% of the sample (n=6), it was >2 SD below the mean. Significant univariate correlates at this site included IGF-I and IL-1β (Fig. 1, Table 2 ). In a multivariate model controlling for height, weight, LBM, and gender, IGF-I was identified as a Lumbar BMC was positively correlated with IGF-I, which was found to be a significant independent predictor of BMC (Table 2) .
Total body
Mean total body BMD was 1.100±0.101 g/cm 2 . IL-1β was a significant univariate correlate (Table 2 ), in addition to fat mass by DXA (r =−0.38, p=0.032). In a multivariate model, there were no significant independent predictors of BMD identified.
Total body BMC was significantly correlated only with IGF-I (Table 2) , and weight (r = 0.66, p<0.001) and height (r = 0.60, p<0.001). In a final multivariate model, height (β=−0.51, p=0.042) was a significant independent predictor of BMC at this site. Total body bone area was positively correlated with DHEAS concentration (Table 2) .
Discussion
To our knowledge, this is the first study to examine whether the anabolic factors IGF-I and DHEA are predictors of bone mass in patients with CF. DHEAS concentrations were particularly low among the female participants, and IGF-I levels were below the age-adjusted mean in all participants. We also found serum proresorptive cytokine concentrations to be in the lower range of normal. Nonetheless, serum IL-1β concentration was inversely correlated with BMD at all sites, suggesting a role for this factor as a mediator of bone loss in these patients. In multivariate models controlling for weight, height, and other factors known to influence BMD, only IGF-I was found to be an independent skeletal predictor.
This study is the first to report a direct correlation between IGF-I and parameters of bone mass in patients with CF. IGF-I has been shown to fluctuate even with acute changes in nutritional status [42] . In the present study, serum IGF-I concentrations were significantly reduced compared to the reference standard for healthy counterparts, confirming previous reports suggesting that this factor reflects the underlying catabolic state of these patients [25, 26] . Furthermore, we found a significant direct correlation between IGF-I and LBM in this study, thereby supporting the premise that nutritional status modulates circulating levels of this peptide. We also noted a direct correlation between IGF-I concentrations and markers of bone turnover, which supports the assumption that this protein serves as a coupling factor in the bone turnover cycle [23, 24] . In addition to their characteristic low bone mass, patients with CF are often shorter than age-matched controls [41] . Thus, low IGF-I concentrations may serve as a marker of compromised growth as well as of subnormal bone accretion in affected children and adults.
We found DHEAS concentrations to be positively correlated with weight, a finding which corroborates with results reported elsewhere, suggesting that this hormone is nutrition-dependent [16, 43] . There was also a positive correlation found between serum DHEAS and hip BMC, and bone area of both the hip and total body. The positive trend noted between DHEAS and LBM suggests that potential anabolic effects on bone mass and size may be mediated through hormone-induced changes in body composition. Within our gender groups, DHEAS levels were significantly below the threshold for age only in the female participants. DHEA replacement has been studied in young women with anorexia nervosa, a model illustrating the negative effects of malnutrition on bone [20, 43] , but to our knowledge, its role in skeletal health in CF has not been previously examined. Short-term DHEA replacement has been shown to decrease markers of bone resorption and increase bone formation in young women with anorexia nervosa [43] . In a 1-year study examining the effects of DHEA versus estrogen replacement therapy in these patients, the young women in the group receiving DHEA had significantly higher levels of BSAP, osteocalcin, and IGF-I than those in the group receiving standard therapy. Given the current findings in the female participants, those therapeutic interventions in patients with anorexia nervosa may be relevant to patients with CF. There is also evidence to support the role of DHEA in the modulation of the skeletal IGF-I regulatory system that may have therapeutic implications for this group [27] .
We found serum concentrations of proresorptive cytokines to be surprisingly low, accompanied by a modest, but significant inverse correlation between IL-1β and BMD at all sites. The current results are similar to the low cytokine concentrations found in our study of young women with anorexia nervosa [16] . However, in that group, no significant correlations were found between cytokine levels and bone density. Our present findings differ from those reported previously showing elevated cytokines in patients with CF [29] [30] [31] [32] [33] [34] . One explanation is the use of inhaled glucocorticoids by all study participants in the current sample. As these medications are widely prescribed as antiinflammatory agents to patients with CF, it was not possible to exclude patients who were receiving this therapy. In adults with chronic obstructive pulmonary disease, inhaled glucocorticoids have been shown to have systemic anti-inflammatory activity [44] . We are not aware of previous serum cytokine measurements in patients with CF following treatment with these agents. However, a study by Wojtczak et al. [45] demonstrated a reduction in inflammatory markers in bronchoalveolar lavage of children with CF. Such a reduction in the airway is likely to be reflected systemically. Thus, these medications may have reduced proresorptive cytokine secretion in the participants in the current study. Also noteworthy is the fact that cytokine measurements in the current study were obtained at a time of relative health. A previous study that examined the relationship between serum cytokines and bone turnover markers was carried out at the time of an acute infection, a clinical setting that would enhance cytokine secretion [37] . Methodologic differences used in the measurement of cytokines could have also contributed to the differing results, including either the assay type or its sensitivity and whether serum or saliva were analyzed. The significant inverse correlation between IL1-β and bone mass adds to accumulating evidence suggesting a role for cytokines in the mediation of bone loss in these patients [37, 46] . The unique role of IL-1β with regard to skeletal health is unclear and deserves further study.
In the current study, despite the majority of participants reporting use of vitamin D supplements, many were found to be vitamin D-deficient. Previous studies have documented both low [34, [48] [49] [50] and normal [50, 51] serum 25OHD concentrations in patients with CF. A prevalence of vitamin D deficiency of 38% seen among the current participants is the exact prevalence noted by Haworth et al. [34] , and participants in that study were also receiving vitamin D supplementation. While previous studies have shown that vitamin D status is a predictor of bone mass in these patients [12, 47] , our data replicate those of two previous studies [6, 9] in showing that this variable was not predictive.
The results of the current study must be interpreted in light of acknowledged limitations. As this study utilized a cross-sectional design, the associations that are noted do not imply causality. It could be argued that low serum IGF-I is simply a marker of malnutrition in these patients. However, we controlled for both weight and lean body mass in our final multivariate models, and IGF-I was found to be a significant independent predictor of hip and spinal bone density. Our sample size was small, thereby limiting analyses of all variables of interest as well as our statistical power to detect potentially important differences. Skeletal measurements were determined by DXA, which measures areal bone density, but not volumetric BMD. Therefore, the BMD Z-scores reported could be underestimates of true volumetric bone density in our study subjects. However, our findings are similar to those of Gibbens et al. [3] , who found that volumetric bone density measurements obtained by quantitative computed tomography were also low in patients with CF. We also found no correlation between height and bone density at any site, suggesting that our findings represent a true reduction in BMD rather than simply a reflection of small bone size. Data on fractures were obtained by self-report, with its inherent limitations, and no information was available as to whether fractures were pathologic in origin. Future studies should evaluate whether these patients have fractured in the absence of trauma and confirm patient reports with radiologic findings. Lastly, the low cytokine concentrations in this sample represented an unexpected finding, and our explanation for the data is speculative. Unfortunately, we did not obtain detailed information regarding the dose or duration of the fluticasone preparations used by the current participants. This information will be needed in future protocols to confirm the speculation that these agents lead to the suppression of cytokine secretion. Replication of results during and after an acute pulmonary exacerbation would also be informative.
In conclusion, novel mechanisms are proposed herein related to the role of low concentrations of IGF-I and DHEA in the mediation of bone loss in patients with CF. Unlike previous reports, we found low levels of proresorptive cytokines, but an inverse correlation between the cytokine IL-1β and BMD. These results underscore the need for randomized trials to evaluate the efficacy and safety of both antiresorptive and anabolic agents in patients with CF, as we found both bone resorption and bone formation to be altered. In this context, as DHEA has been shown to exhibit anabolic effects through the skeletal IGF system, abnormalities in IGF-I and DHEAS as noted in this study may have therapeutic implications for adolescents and young adults with this disease. However, future longitudinal studies are needed to confirm this speculation, especially given the multi-factorial etiology of bone loss in these patients.
